Structural abnormalities of microvessels are commonly associated with chronic hypertension. 1, 2 At the level of the small resistance arteries (internal diameter ranging from 100 µm to 300 µm), a thickened arterial wall together with a reduced lumen (a process known as remodeling) may be detected, with consequent increase in the media thickness to internal lumen ratio of subcutaneous small resistance arteries (MLR). According to Park and Schiffrin, small artery remodelling is the most prevalent and probably the earliest form of target organ damage in human mild essential hypertension 3 and may play an important role in the increase of vascular resistance. 4 Several evidences have also suggested that hypertensive injury of small arteries may participate also in the pathophysiology of its complications. 5 In fact, an increased MLR is associated to a worse prognosis in hypertension and diabetes, 5, 6 as well as to functional consequences 7 ; appropriate pharmacological intervention may induce a prevention or a regression of subcutaneous small resistance artery remodelling, 8 and an improvement of prognosis. 9 For all these reasons, the evaluation of microvascular structural alterations might provide clinically relevant information, in terms of a better stratification of cardiovascular risk, before and also during treatment, 5 even to a greater extent in respect with the determination of traditional Framingham risk factors. 6 In the most distal part of the microcirculation, namely arterioles (diameter ranging from 100 µm to 7 µm) and capillaries (diameter around 7 µm), a reduction the vascular density may be observed in hypertension, in diabetes and in obesity. 5, 10, 11, 12 Both a functional rarefaction (capillary perfused in basal conditions) and a structural rarefaction (capillary recruited during venous congestion) was observed, with potential consequences for tissue perfusion and exchange or transport of nutrients as well as for increased peripheral resistance. 5, 13 At present, however, we do not have convincing evidence of a prognostic value of a decreased capillary density in hypertension. 5 
LOCALLY INVASIVE METHODS FOR EVALUATION OF SMALL ARTERY MORPHOLOGY
The wall-lumen ratio (WLR) or the MLR of small arteries can be measured by pressure or wire micromyography, usually in subcutaneous tissues obtained through surgical biopsies 14, 15 ; this methodological approach represents, presently, the gold standard for the evaluation of microvascular alterations. 1, 14, 15 This technique was proposed several years ago by Mulvany and Halpern, 16, 17 and proved to be very precise and reliable. 14, 15 However, a pre-requisite for the evaluation of vascular morphology with micromyographic techniques in Essential hypertension is associated with structural alterations in the microvessels; in particular, an increase in the media thickness to internal lumen ratio of small resistance arteries (MLR) and a reduction in capillary density have been observed. The evaluation of the morphological characteristics of small resistance arteries in humans is challenging. The gold-standard method is generally considered to be the measurement by wire or pressure micromyography of MLR of subcutaneous small vessels obtained by local biopsies. However, noninvasive techniques for the evaluation of retinal arterioles were recently proposed; in particular, 2 approaches, scanning laser Doppler flowmetry (SLDF) and adaptive optics (AO), seem to provide useful information. Both of them provide an estimation of the wall to lumen ratio (WLR) of retinal arterioles. Moreover, a noninvasive measurement of basal and total capillary density may be obtained by videomicroscopy/capillaroscopy. It has been recently demonstrated that AO has a substantial advantage over SLDF in terms of evaluation of microvascular morphology, since WLR measured with AO is more closely correlated with the M/L of subcutaneous small arteries. The possibility to noninvasively assess in a reliable way, microvascular morphology in a clinical setting may represent a major advancement, since micromyography has substantial limitations in its application due to the local invasiveness of the procedure.
Keywords: adaptive optics; blood pressure; hypertension; microcirculation; retinal arterioles; retina; small arteries.
humans is the bioptic availability of a small amount of subcutaneous fat tissue, 15, 18 as well as of other suitable tissues.
As mentioned, the MLR of subcutaneous small resistance arteries was demonstrated to be the most potent predictor of cardiovascular events in hypertensive patients, 5, 6 as confirmed by two independent studies 19, 20 and extended to changes observed during treatment 9 ; thus, it seems conceivable that MLR might be considered an intermediate endpoint in the assessment of antihypertensive therapy. 21, 22 However, also according to the 2013 European Society of Hypertension/European Society of Cardiology Guidelines for the management of arterial hypertension, 23 "the invasiveness of the method makes this approach unsuitable for general use".
This has stimulated the search for noninvasive, but clinically reliable methods for the evaluation of small resistance artery structure. The retinal microcirculation represents perhaps the only microvascular district that may be directly and easily observed with relatively simple approaches, such as an ophthalmoscope or a slit lamp 24 ; in addition, the vasculature of the eye and of the heart, 24 as well as that of the brain, 25 share several common characteristics, including anatomic, physiological, and embryological features. 25 Therefore, the easily accessible vessels of the eye may be considered, to some extent, a window to the heart 24 and even to the brain. 6, 26 Microvascular damage is present simultaneously with similar characteristics probably in all vascular districts. 5 We observed that the same kind of structural alterations previously observed in subcutaneous small resistance arteries is also present in cerebral small arteries of hypertensive patients. 26 In addition, coronary flow reserve, an index of microvascular damage in the heart, seems to be correlated with the MLR of subcutaneous small resistance arteries in hypertensive humans. 27 There is also an interplay between cardiovascular functions and risk factors and the occurrence and progression of many eye diseases. 24 
EVALUATION OF RETINAL ARTERIOLAR MORPHOLOGY BY SCANNING LASER DOPPLER FLOWMETRY
Harazny, Michelson, and Schmieder proposed in 2007 an interesting and new noninvasive approach for the assessment of structural abnormalities in the retinal vascular district. A quantification of the WLR of retinal arterioles was obtained using scanning laser Doppler flowmetry (SLDF) (Heidelberg Retina Flowmeter, Heidelberg Engineering, Heidelberg, Germany) and appropriate software analysis. 28, 29 The method is based on the association between a confocal measurement of the external diameter of retinal arteriole, and an evaluation of the internal diameter with a laser Doppler technique (Figure 1 ). Arterioles with a size between 80 and 140 µm of the superficial retinal layer may be investigated. Analyses of diameters are performed offline with automatic full field perfusion imaging analysis. The outer arteriole diameter is measured in reflection images, and the lumen diameter is measured in perfusion images. The software automatically compares the 2 images taken in the same retinal area (Figure 1 ). The strengths of this approach are related to the easy repeatability with very little discomfort for the patients, and, according to the Authors, 30 to a relatively low interobserver and intraobserver coefficient of variation of the measure (less than 10%). However, the reproducibility of the noninvasive measurement of the WLR with the concerned technical approach in real life situations is probably less satisfactory, due to the possible problems in a correct estimation of the internal diameter with the Doppler approach. In addition, the Heidelberg Retina Flowmeter in no more present in the market, thus limiting the scientific interest and possible clinical development of this approach.
There are however several good reasons supporting the clinical relevance of the evaluation of the WLR of retinal arterioles. As previously mentioned, several evidences suggest that, at least in hypertension, an increase in the M/L of small resistance arteries seems to be present simultaneously in different vascular districts 26, 27 ; therefore, vascular remodeling seems to be a highly prevalent and generalized phenomenon. 3 Thus, an alteration identified in a relatively peripheral district, such as the subcutaneous tissue or the retina, might reflect similar and parallel changes in the coronary or cerebral circulation. 26, 27 The observation of an increased WLR of retinal arterioles in patients with hypertension, 29 with the history of a cerebrovascular event 28 or with other clinical signs of the target organ damage, such as albuminuria, expression of the microvascular damage at the kidney level, 31 support such a postulate. WLR of retinal arterioles was also demonstrated to be correlated with peripheral, 28 central, 32, 33 and 24-hour 32 blood pressures.
EVALUATION OF RETINAL ARTERIOLAR MORPHOLOGY BY ADAPTIVE OPTICS
Approximately 3 years ago, a novel and extremely promising approach was made commercially available: the direct measurement of WLR of retinal arterioles using an adaptive optics (AO) imaging system (AO camera, Rtx-1, Imagine Eyes, Orsay, France). 34, 35 This is a considerably improved version of a traditional fundus camera, based on an approach originally applied to correct for aberrations in astronomic optical systems, 34, 35, 36, 37 allowing to investigate vessels from 20 µm to over 150 µm of diameter. 36, 37 A beam of light enters the eye, and a small amount is reflected back out of the eye and into the optical system. 34, 38 Wavefront aberrations in the reflected image are sensed by a suitable image sensor in the system, and corrected for by a deformable mirror. 34, 38 The achieved image resolution is, with the current system version, of the order of 1 µm. The fundus illumination consists of incoherent, infrared flashes at 10 Hz frequency, and the final image provided by the instrument is the average of a sequence of such images. The system, thus, provides images of a quality and resolution never previously obtained 34, 38, 39 ( Figure 2 ). The vessel walls are clearly visible in most circumstances, provided that the eye fixation is correct and that the ocular media are clear. Thus, the reproducibility of the morphological parameters measured (1.3% for internal diameter, 3.7% for the wall cross-sectional area, and 3.2% for WLR) 40 is far lower than that observed with SLDF. Studies in populations of normotensive subjects and hypertensive patients highlighted the potential of the technique in assessing the age-and hypertension-related remodeling of the retinal arterioles. 35, 41, 42 In all these studies, WLR resulted to be linearly related with age. 35, 41, 42 An additional finding was the dependence of the WLR on the wall thickness, but not on the inner vessel diameter. WLR was observed to depend significantly on the cross-sectional area of the wall. 35 Furthermore, age-corrected WLR values were demonstrated to correlate with hypertension. 35 Therefore, blood pressure and age both independently increased WLR by thickening arterial wall. 35 A short-term reduction in blood pressure obtained by antihypertensive treatment induced a WLR decrease due to lumen dilatation rather than to wall thickness changes. 35 By contrast, no modifications were observed in subjects with stable blood pressure. In treated and controlled hypertensives under monotherapy WLR normalization was observed, to be ascribed to combined wall decrease and lumen dilatation independently of antihypertensive pharmacological classes, suggesting that adequate control of blood pressure may provide protection form microvascular alterations. An additional result is represented by the observation of a peculiar behavior of young individuals, where hypertension seems to affect more the internal diameter than the arteriolar wall. Probably, both short-term functional and long-term structural changes contribute to remodeling reversal observed in controlled hypertensives. 35 
OTHER METHODS OF EVALUATION OF THE RETINAL MICROCIRCULATION
As previously mentioned, there is hardly any doubt that the retinal blood vessels represents an easily accessible and pathophysiologically relevant target, in terms of stratification of cardiovascular risk in hypertension 43, 44, 45, 46, 47 (Figure 3 ). Different parameters measured in the retinal vasculature have been proposed as clinically relevant, including fractal dimension, arteriolar to venular ratio (AVR), number of terminal branching of retinal vessels, etc. 47 (Figure 3 , Tables 1  and 2) .
One of the first attempts to precisely quantify structural alterations of retinal microcirculation was made by Wong et al. 48 By means of an automated computerized method, the authors have calculated the ratio between arteriolar and venular external diameters (AVR) in circular segments of the retina. AVR resulted lower in hypertensive patients compared to normotensive controls. 48 Recently, a meta-analysis has confirmed that retinal arteriolar narrowing and venular widening are independently associated with an increased risk of hypertension. 49 However, its prognostic meaning is still controversial, since a correlation between AVR and incidence of cardiovascular events was detected only in women. 48 Further studies have substantially challenged the ability of this parameter to correctly stratify hypertensive patients according to the extent of target organ damage. Indeed, no relationship between quartiles of AVR and left ventricular mass, carotid artery intima-media thickness or urinary albumin excretion was observed. 50 The relationship of retinal vessel caliber to future stroke events (AVR, central retina artery equivalent, central retina vein equivalent, see Table 1 ) has been analyzed in a systematic review and individual participant meta-analysis: wider retinal venular caliber predicted stroke, whereas the caliber of retinal arterioles was not associated with stroke. 23 When WLR and AVR of retinal vessels were evaluated in the same patients, only the first parameter was progressively higher comparing normotensives, treated hypertensives, and hypertensives with a history of a cerebrovascular event, and these differences closely paralleled those observed for carotid artery intima-media thickness. 51 However, in a general population, lower AVR values were associated with increases in carotid intima-media thickness, augmentation index and pulse wave velocity, proving in this case to be a good predictor of asymptomatic vascular damage in large arteries. 52 Advantages and limitation of this methodological approach are discussed in more details in the study by Cheung et al. 47 (Table 1) .
A computer-assisted quantification of topological changes in retinal vascular architecture was also proposed. 53 Essential hypertension was associated with an increase in the arteriolar length-to-diameter ratio, and to a marked reduction in the number of terminal branches, an alteration in arteriolar topology indicative of rarefaction. These changes in the arteriolar network were exaggerated in patients with malignant hypertension 53 and might be corrected by effective antihypertensive treatment. 54 Advances in optical imaging techniques have also enabled the generation of high-resolution, noninvasive capillary perfusion maps with a retinal function imager 55 with consequent investigation of segmentation results and, then, fractal analysis. 55 Calculation of fractal dimensions of the retinal microvasculature were then proposed as an index of complexity of the retinal network and, for this index, some prognostic relevance was demonstrated. 56 In a cohort of 3,303 participants aged 49 years or older, those participants with suboptimal retinal vascular fractal dimensions (lowest and highest quartiles) had 50% higher 14-year mortality for coronary heart disease than those with optimal fractal dimensions, even after adjusting for age, blood pressure, and other risk factors. 56 However, according to the 2013 European Society of Hypertension/European Society of Cardiology Guidelines for the management of arterial hypertension, "it seems that at least retinal arteriolar and venular narrowing, similarly to capillary rarefaction in other vascular beds may be an early structural abnormality of hypertension but its additive value to identify patients at risk for other types of organ damage needs to be better defined". 23 Advantages and limitations of the different indices of retinal microvascular morphology (Table 2 ).
In the present review, we will not discuss the relatively few indications and substantial limitations of the standard evaluation of the retinal vascular changes by standard funduscameras or slit-lamps using the well-known Keith-Wegener-Barker grading system, that are reported elsewhere. 23, 57 According to 2013 European Society of Hypertension/European Society of Cardiology Guidelines fundus oculi examination should be considered only in difficult-to-control or resistant hypertensive patients and is not recommended in mild-to-moderate hypertensive patients without diabetes. 23 The feasibility of the ocular fundus photography with a new smartphone small optical device (D-Eye, Padua, Italy) in an emergency department setting was recently demonstrated. 58, 59 
EVALUATION OF CAPILLARY DENSITY IN THE SKIN
Structural remodeling of the microvascular networks also includes rarefaction in the most distal part, as suggested by the observation in hypertension, in diabetes and in obesity, of a reduction of the density of microvessels and capillaries, 10, 11, 12, 26 with potential consequences for tissue perfusion and exchange or transport of nutrients. 10, 16, 60, 61, 62 Skin capillary density may be evaluated noninvasively by videomicroscopy/capillaroscopy in the nailfold, dorsum of the finger or in the forearm. 10, 63, 64 A close correlation between mediato-lumen ratio of subcutaneous small arteries and capillary density in the skin has been previously observed, 65 thus suggesting that vascular remodelling and rarefaction may occur in parallel.
As mentioned, both a functional and a structural rarefaction were observed in hypertension 10, 63, 64 (Figure 4) . Therefore, the capillary rarefaction observed in hypertension is very likely a permanent anatomical change. Whether pathologically important in terms of worsening the disease or of generating complications it is still a matter of debate, although it is probable that it might be associated to increased peripheral resistance and impaired tissue perfusion, thus, consequently, to organ damage. 5, 10, 13 At present, however, we do not have convincing evidence of a prognostic value of a decreased capillary density in hypertension. 5 
MICROVASCULAR FUNCTION IN THE RETINA
The measurements of retinal vessels have both structural and functional components, since the vessels are not relaxed or normalized for a standardized wall tension, thus reflecting in any case an in vivo rather than an in vitro situation. The evaluation of the microvascular function in the retina in mainly based on the measurement of retinal flow by Doppler techniques. 66, 67 SLDF may allow also the assessment of pulsatile characteristics of the retinal arterioles, and significant differences in pulsatile retinal capillary flow and structural parameters were observed between patients with grade 1-2 hypertension and those with treatment-resistant hypertension. 66 In summary, SLDF enables the visualization of perfused capillaries and vessels of the retina and the optic nerve head in high resolution by 2-dimensional mapping of perfusion variables which are encoded by the Doppler signal. 67 This method achieves simultaneously qualitative and quantitative evaluation of capillary blood flow of distinct areas of the capillary meshwork. 67 Retinal flow might be measured in basal conditions of after specific stimuli. In this regard, the flicker-light technique was demonstrated to be able to induce a reduction of vascular tone, with consequent changes in retinal flow and arteriolar dimensions. 68, 69, 70, 71 A luminance flicker light with 47 a frequency of 8 Hz increased retinal capillary blood flow (juxta-papillary retinal capillary blood flow and central retinal artery blood flow velocity) in normal subjects. 68 Flicker stimulation increased retinal blood flow by +59% in arteries and by +53 % in retinal veins. 69 Changes of retinal capillary blood flow to nitric oxide synthase inhibitor N-monomethyll-arginine, that reflects basal nitric oxide activity of retinal vasculature, and to flicker light, as well as parameters of retinal arteriolar structure, were assessed noninvasively by SLDF in 97 male untreated patients with normal and elevated blood pressure. 70 Basal nitric oxide activity emerged as an independent determinant of arteriolar remodeling in the human retinal circulation in vivo. 70 The expected increase in the retinal capillary blood flow to flicker light exposure is impaired in hypertension 71 and this response is only partly endothelium and nitric oxide-dependent. 70, 71 In fact, the increase of retinal capillary blood flow to flicker light exposure did not differ compared with the increase in retinal capillary blood flow to flicker light exposure during infusion of N-monomethyl-l-arginine when expressed in absolute terms or in percent changes, thus suggesting that the majority of the effects observed is nitric oxide-independent. 71 
COMPARISON OF DIFFERENT TECHNIQUES OF EVALUATION OF MICROVASCULAR MORPHOLOGY
A few years ago, a study compared in the same subjects and patients (n = 40), WLR of retinal arterioles evaluated with SLDF and the MLR of subcutaneous small resistance arteries evaluated by wire micromyography, considered as the gold-standard approach for the measurement of structural alterations in the small vessels. A rather good agreement between the 2 techniques, with a Pearson's correlation index of 0.76 was observed. 57 More recently, a direct comparison of the assessment of the MLR of subcutaneous small resistance arteries evaluated by wire micromyography and the WLR evaluated by either AO or SLDF was performed in the same subjects and patients (n = 41). Capillary density was also measured by videomicroscopy. 72 The evaluation of the WLR of retinal arterioles by AO has a clear advantage over SLDF, due to a better reproducibility and a closer correlation with the MLR of subcutaneous small resistance arteries (r = 0.84, P < 0.001). 72 The main problem related to the evaluation of WLR of retinal arterioles with SLDF seemed to be the relatively suboptimal variability of the estimation of the internal diameter in real life situations, due to the indirect nature of the measurement (Doppler perfusion images), 72 whereas the estimation of the morphological parameters of retinal arterioles by AO seems to be quite stable throughout a length of the vascular segment of at least 500 µm 34, 38 (Figure 5 ). In the above-mentioned study, no correlation between the MLR of subcutaneous small resistance arteries and capillary density in the forearm or dorsum of the finger was observed, suggesting that estimation of capillary density might have a more limited clinical value. 72 
CONCLUSIONS
There is undoubtedly a need for noninvasive approaches in the evaluation of microvascular morphology that may provide us with a better risk stratification of patients, as well as with further important information about the effects of antihypertensive drugs, especially in terms of possible prognostic impact of the regression of microvascular structural alterations that may be obtained with antihypertensive treatment.
The demonstration provided that WLR of retinal arterioles, especially when evaluated by AO, is closely correlated with MLR of subcutaneous small arteries, the most potent predictor of cardiovascular and cerebrovascular events also in multivariate analyses, 5, 6 strongly supports the clinical interest in a noninvasive evaluation of microvascular structure, and the possibility to transfer such measurements to the bedside, 73 considering indices of microvascular morphology as intermediate endpoint in the evaluation of antihypertensive patients 21 and ready for prognostic translation. 22 As mentioned, the cerebral and retinal circulation share anatomic, physiological, and embryological features, 25 and this renders the evaluation of microvascular structure in the retina a very good candidate for a noninvasive assessment of hypertension-induced changes in the microvessels. However, a direct demonstration of the prognostic relevance of the easement of WLR in retinal arterioles with either SLDF or AO is still lacking. 5 Data available with AO are limited, at present, to the observation of correlations of WLR with age 35, 41 and blood pressure 34 or of parallelisms between changes in WLR during treatment and extent of blood pressure reduction. 35 Different drugs or drug combinations are not equally effective in terms of reduction of WLR of retinal arterioles (either evaluated with AO or SLDF) 74 in hypertension, in agreement to what previously observed with micromyography. 8 A reduction in capillary density might be associated to an impairment of tissue perfusion, 13 thus possibly being involved in the worsening of organ damage in hypertension, and being also a possible target for treatment. 60, 61 Also, changes during treatment seem to be similar as far as WLR of retinal arterioles and capillary density in the dorsum of the finger are concerned. 74 AO represents therefore an interesting and promising contribution in this respect, presently limited by a still modest clinical experience. In case of a future more diffuse availability, the evaluation of WLR of retinal arterioles might become, at least theoretically, a standard way of assessing target organ damage in hypertension and systematically evaluating the effect of antihypertensive drugs on vascular morphology, and a useful tool for the stratification of cardiovascular risk in the majority of hypertensive patients. It is probable that a noninvasive evaluation of WLR of retinal arterioles might meet the criteria requested by the European Guidelines on Hypertension management, 23 although it would also be clinically important to determine whether the therapeutic regression of cardiac, renal, and vascular target organ damage seen in hypertension has the same temporal pattern of regression as retinal vascular damage.
In conclusion, there is hardly any doubt that new technologies, presently under clinical evaluation, may help us in the future to noninvasively assessed microvascular structural alterations and to better stratify cardiovascular risk of our patients with consequent optimization of treatment. 75 The results of the few available studies support the possible clinical relevance of the measurement of retinal arteriolar structure in clinical practice. Presently, we may safely state that the interest in a noninvasive evaluation of microvascular structure is progressively increasing, and it could potentially represent, in the future, an evaluation to be performed in almost all hypertensive patients, in order to obtain a better stratification of cardiovascular risk, before and during antihypertensive therapy, provided that a demonstration of a prognostic value of noninvasive measures of microvascular structure is made available. We have, however, too little information for unequivocally stating that the proposed approach provides exactly the same information obtained with the micromyographic approach, although the possible advantages related to the evaluation of WLR of retinal arterioles with AO are clear, in terms of noninvasiveness and consequent possibility to obtain in the future prognostic data about regression of microvascular alterations by antihypertensive treatment.
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